After traumatic brain injury (TBI), substantial extracellular heme is released from hemoproteins during hemorrhage and cell injury. Heme oxygenase (HO) isozymes are thought to detoxify the pro-oxidant heme to the potent antioxidant, bilirubin. HO-1, the inducible isozyme, is expressed in glial populations after injury and may play a protective role. However, the role of HO-2, the predominant and constitutively expressed isozyme in the brain, remains unclear after TBI. We used a controlled cortical impact injury model to determine the extent and mechanism of damage between HO-2 knock-out (KO) (Ϫ/Ϫ) and wild-type (WT) (ϩ/ϩ) mice. The specific cellular and temporal expressions of HO-2 and HO-1 were characterized by immunocytochemistry and Western blots. HO-2 was immunolocalized in neurons both before and after TBI, whereas HO-1 was highly upregulated in glia only after TBI. HO activity determined by gas chromatography using brain sonicates from injured HO-2 KO mice was significantly less than that of HO-2 wild types, despite the induction of HO-1 expression after TBI. Cell loss was significantly greater in KO mice in areas including the cortex, the CA3 region of hippocampus, and the lateral dorsal thalamus. Furthermore, motor recovery after injury, as measured by the rotarod assay and an inclined beam-walking task, was compromised in the KO mice. Finally, brain tissue from injured HO-2 KO mice exhibited decreased ability to reduce oxidative stress, as measured with an Fe 2ϩ /ascorbic acid-mediated carbon monoxide generation assay for lipid peroxidation susceptibility. These findings demonstrate that HO-2 expression protects neurons against TBI by reducing lipid peroxidation via the catabolism of free heme.
Introduction
Heme is a ubiquitous molecule found in mammalian tissues, with a central role in the binding and delivering of molecular oxygen and in effecting oxidative reactions for cellular metabolism (Maines, 1988) . Free heme, however, is not found in normal tissue; it is deposited only under pathological conditions. For example, in traumatic brain injury (TBI), heme is released from red blood cells during hemorrhage and from dying or injured cells, such as neurons, glia, and endothelia. In addition, intravascular free heme can access brain parenchyma through compromises in the blood-brain barrier.
The degradation of heme is catalyzed by heme oxygenase (HO) isozymes, producing equimolar quantities of carbon monoxide (CO), ferrous iron (Fe 2ϩ ), and biliverdin, which is converted rapidly to bilirubin (Maines, 1997) . HO-1 and HO-2 are the two principal isozymes of heme oxygenase. HO-1 is a heat shock protein induced under numerous conditions of cellular stress (Ewing and Maines, 1993; Fukuda et al., 1996; Geddes et al., 1996; Turner et al., 1998; Ferris et al., 1999) . The constitutively expressed HO-2, in contrast, is the predominant isozyme found in the adult rodent brain and testes and is regulated only by adrenal glucocorticoids (McCoubrey and Maines, 1994; Maines et al., 1996) . A third isozyme, HO-3, has been identified with high amino acid similarity to HO-2, but was found to be a poor heme catalyst (McCoubrey et al., 1997) .
The precise role that each HO isozyme plays in TBI and other pathophysiological conditions still remains unclear (Platt and Nath, 1998) . Increased HO activity may be protective because it metabolizes pro-oxidant heme into biliverdin and bilirubin. The latter has been shown to exhibit antioxidant properties at low concentrations Dennery, 2000) . A protective effect has not been uniformly observed, however, and inhibition of HO activity has been found to attenuate cell injury in some models. This cell injury is speculated to be mediated through the generation of free Fe 2ϩ during heme degradation, which may potentiate free radical-induced damage and through the production of bilirubin generate toxicity at high concentrations. Despite much interest in its putative neuromodulatory functions, CO still has an unclear role in neuroprotection (Maines, 1997; Baranano and Snyder, 2001) .
We hypothesized that HO-2 affords neuroprotection against oxidative stress in TBI. A standard controlled cortical impact (CCI) model of TBI was used in mutant mice with a targeted deletion for HO-2. We first characterized the expression of both HO-1 and HO-2 isozymes by immunocytochemistry and measured HO activity in HO-2 wild-type and knock-out (KO) animals after TBI. We found that HO-2 and HO-1 are expressed in different populations of cells and that total HO activity is substantially reduced in HO-2 KO mice, despite induction of HO-1. We further demonstrated that HO-2 KO mice sustain increased cell loss, reduced motor recovery, and a greater susceptibility to lipid peroxidation as compared with HO-2 wild-type mice after TBI.
Materials and Methods
Animals. Adult male HO-2 KO and wild-type littermate mice from the founder stock originally described by Poss and Tonegawa were used for the study (Poss et al., 1995) . HO-2 KO mice have documented impairments in the central signaling of nociception (Li and Clark, 2000) and acclimation of neurons to odorants (Zufall and Leinders-Zufall, 1997) and in the peripheral signaling in intestinal smooth muscle relaxation (Zakhary et al., 1997) and also ejaculatory reflexes (Burnett et al., 1998) . HO-2 KO mice otherwise appear normal and have no other phenotypic differences from wild types, including life span, gross appearance, and activity level. All experiments were performed following an institutionally approved protocol in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All procedures described below were performed blinded with respect to animal genotype.
Surgical procedures and CCI model of injury. Mice (4 -6 months of age) were anesthetized with an intraperitoneal injection of 0.02 ml of 2.5% (w/v) 2,2,2-tribromoethanol (Avertin) per gram of body weight. Each animal was then placed in a stereotaxic frame for surgery. After a midline incision, a circular craniectomy, 5 mm in diameter, was made over the left parietal cortex between bregma and lambda with the medial edge 0.5 mm lateral to the midline. Care was taken to keep the dura intact. The animal was positioned in a head holder within the injury device and then subjected to a moderate CCI injury, using a 3 mm convex impactor tip oriented perpendicular to the cortical surface (Smith et al., 1995; Fox et al., 1998) . The injury parameters were set to 4 m/sec velocity, 1 mm depth, and 150 msec dwell time. After injury, the scalp was resutured over the craniectomy. Animals were maintained at normal body temperature (36.5-37.5°C) on a circulating water heating pad and injected subcutaneously with 1 ml of isotonic saline before and after the operation to prevent dehydration.
Immunocytochemistry. At 14 d after CCI injury, mice were deeply anesthetized and then transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 PBS. Each brain was removed and fixed in PFA at 4°C for 4 hr and then protected in 20% sucrose for 3 d. Brains were embedded and stored at Ϫ20°C. Coronal sections, 50 m in thickness, were cut on a cryostat and collected in wells containing PBS. Every fourth section was reserved for cell counting and quantification of cortical lesion volume, whereas others were used to immunolocalize HO-2 and HO-1. Sections were first rinsed in 0.05 M PBS two times for 5 min each and incubated in 1% H 2 O 2 for 1 min to quench any endogenous peroxidase activity.
To localize HO-2, sections were incubated in the following solutions: 2% goat serum/0.2% Triton X-100/0.1% bovine serum albumin (GS/ TX/BSA) for 5 min; 10% GS/TX/BSA for 20 min; rabbit polyclonal HO-2 antibody, 1:500 in 2% GS/TX/BSA, overnight at 4°C (StressGen, Victoria BC, Canada); PBS three times for 5 min each; and biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) in 2% GS/TX/ BSA, 1:200 dilution for 1 hr. Sections were incubated in avidin-biotinhorseradish peroxidase complex (Vectastain ABC kit; Vector Laboratories), 1:100 dilution in PBS for 30 min. All sections were rinsed with PBS for three times for 5 min each and reacted with 0.05% 3,3-diaminobenzidine tetrahydrochloride (Invitrogen, Gaithersburg, MD) in 0.02% H 2 O 2 for 5 min. HO-1 was localized using the above procedure with rabbit polyclonal HO-1 antibody, 1:10,000 dilution (StressGen).
Neurons were identified using a modified protocol for a monoclonal antibody to neuronal nuclei (NeuN; Chemicon International, Temecula, CA). A mouse on mouse (MOM) immunodetection kit (Vector Laboratories) was used to avoid nonspecific staining associated with the mousederived primary antibody. Sections were incubated in the following solutions: MOM mouse blocking reagent, 1 hr; PBS, three times for 5 min each; MOM diluent, 5 min; NeuN in MOM diluent, 1:1000 dilution, 30 min; PBS, three times for 5 min each; MOM biotinylated anti-mouse IgG reagent, 1:250 dilution, 10 min; PBS, three times for 5 min each; and Vectastain elite ABC reagent (Vector laboratories), 5 min.
Western blot analysis. At 24 hr after injury, mice were deeply anesthetized and transcardially perfused with chilled PBS, pH 7.4. The brains were rapidly removed and homogenized in Laemmli solubilizing buffer (2.5% SDS, 10% glycerol, 62.5 mmol/l Tris-HCl, pH 6.8, 5% 2-mercaptoethanol). After boiling for 10 min to inactivate proteases, equal amounts (55 g) of protein per sample were separated on 12% SDS-polyacrylamide gels with 4.5% stacking gel. Protein was then electrotransferred onto a nitrocellulose membrane (0.2 mm pore size; Schleicher and Schuell, Keene, NH). Membranes were incubated overnight at 4°C in 0.1 M PBS containing 5% nonfat dry milk, 1% BSA, and 0.1% Tween 20. They were rinsed briefly in PBS containing 1% BSA and 0.1% Tween 20 and then incubated for 1.5 hr with a 1:3325 dilution of rabbit polyclonal HO-1 antibody (StressGen). After washes, membranes were incubated with a 1:2500 dilution of anti-rabbit IgG-horseradish peroxidase antibody (Amersham Biosciences, Piscataway, NJ) for 1 hr. Finally, the membranes were washed three times, and the bound antibody was visualized with the ECL chemiluminescence system according to the manufacturer's protocol (Amersham Biosciences). The identical procedure was performed for HO-2 expression, but instead using a 1:1000 dilution of rabbit polyclonal HO-2 antibody (Stressgen).
Determination of total HO activity. At 24 hr after TBI, brains were removed and prepared for determination of total HO activity (KO Ϫ/Ϫ, n ϭ 6; wild type, n ϭ 6). Baseline levels were also obtained from uninjured control animals (KO Ϫ/Ϫ, n ϭ 4; KO Ϫ/ϩ, n ϭ 4; wild type, n ϭ 4). HO activity was determined through measurements of CO as described previously . Tissue (100 Ϯ 2 mg) in 900 l of iced buffer (0.1 M KPO 4 buffer, pH 7.4) was sonicated at 50% power with an ultrasonic cell disruptor with a one-eighth inch microprobe (Model XL2000, Misonics Inc., Farmingdale, NY) in an ice bath. Sonicates were kept on ice and used immediately.
Tissue sonicates were incubated with equal (20 l) volumes of NADPH (4.5 M) and methemalbumin (MHA) (50 M/11.2 M) for 15 min at 37°C in 2 ml of CO-purged septum-sealed vials. MHA was prepared daily by dissolving heme (9.9 mg) in 2.5 ml 0.4 M sodium phosphate and 100 mg of BSA. After addition of water to 8.0 ml, pH was gradually titrated to 7.40 with 1 M HCl. The volume was then adjusted to 10 ml to yield a stock solution of 1.5 mM. A working solution of 150 M MHA was prepared by diluting the stock MHA solution 1:10 in phosphate buffer.
The amount of CO generated in the vial headspace was determined by gas chromatography using a 60 ϫ 0.53 cm (internal diameter) stainlesssteel column packed with 5A molecular sieve, 60 -80 mesh, at a temperature of 150°C and a reduction gas detector (RGA-2, Trace Analytical, Sparks, MD) operated at 270°C. HO activity was expressed as nanomoles of CO per hour per milligram of protein and picomoles of CO per hour per milligram of fresh weight.
Regional cell counting and lesion volume quantification. Cell counting (KO, n ϭ 11; wild type, n ϭ 9) was performed on images captured with a Nikon microscope at 20ϫ magnification with a mounted CCD camera (SPOT-1; Diagnostic Instruments, Sterling Heights, MI). Three consecutive coronal sections, which were centered at the level of the hippocampal and thalamic structures of interest, were chosen for analysis. The number of neurons, exhibiting distinctly stained nuclei, was determined within selected regions shown previously to be vulnerable after TBI: the peritraumatic cortex (cortical area directly lateral to the injury site), hippocampal CA3, lateral dorsal thalamic nucleus, and ventroposterior medial or lateral thalamic nuclei Sato et al., 2001) . Neuronal density was expressed as the ratio of cells counted in the ipsilateral to contralateral hemisphere, with contralateral sites serving as internal controls, and then averaged for each animal.
Lesion cavity volumes (KO, n ϭ 12; wild type, n ϭ 10) were measured under 1ϫ magnification from three sections in the region of maximal cortical damage. In each section, lesion area (LA) was determined as follows: LA ϭ area of contralateral cortex Ϫ area of ipsilateral cortex. The lesion volume was then defined as follows: lesion volume ϭ (LA1 ϩ LA2 ϩ LA3) ϫ 200 m, where LA1, LA2, and LA3 represent lesion areas of each individual section and 200 m reflects the sum of the thickness of the section (50 m) and the distance between the sections (150 m).
Motor outcome tests. To assess behavioral deficits after TBI, a standard rotarod test was performed at 1, 2, 3, 7, and 14 d after CCI (Hamm et al., 1994) . All mice were pretrained on the rotarod for 3 d before the day of trauma. The rotarod was set to start at 4 m/sec and to accelerate to 40 m/sec over 300 sec. Performance score was measured as latency, i.e., the time successfully spent on the rotating rod without falling off. An inclined beam walking task was also used. Mice were placed at the bottom of 1-m-long wooden beam (6 mm wide) set at 10°above horizontal and were assessed for contralateral hindlimb foot faults while walking the length of the beam. Only mice that could perform this task with less than three foot faults per trial during the 3 d preinjury testing period were included for analysis. The same animals were used in both rotarod and inclined beam motor tasks (KO, n ϭ 11; wild type, n ϭ 9).
Determination of lipid peroxidation activity. Twenty microliters of tissue sonicates (injured KO, n ϭ 6; injured wild type, n ϭ 6; sham-injured wild type, n ϭ 4), prepared as described above, were incubated in the dark for 30 min at 37°C in septum-sealed vials containing ascorbate (100 M) and Fe 2ϩ (6 M). Butylated hydroxytoluene (100 M) was added for the blank reaction. CO produced into the vial headspace was also quantified by gas chromatography as described previously (Vreman et al., 1998) . The amount of CO produced in the vial headspace is inversely related to the level of antioxidant protection in the tissue.
Statistical analyses. Data are expressed as the mean Ϯ SEM. Behavioral scores were evaluated using ANOVA followed by Bonferroni exact t test for intergroup comparisons. All other comparisons were performed using an unpaired two-tailed t test (StatView 5.0 software, SAS, Cary, NC). Significance was defined at p Ͻ 0.05.
Results

HO-1 and HO-2 exhibit different anatomic and temporal expression after injury
HO-1 and HO-2 immunoexpression were characterized in injured and sham-operated noninjured wild-type mice. HO-2 staining was primarily immunolocalized in neurons throughout the brain (Fig. 1) . The level of HO-2 expression did not appear to be different between injured and noninjured wild-type mice. As expected, no HO-2 neuronal expression was observed in HO-2 KO mice.
HO-1 expression in the noninjured wild-type brain was much less than HO-2. HO-1 was expressed in astrocytes at low levels in the hippocampus and was virtually undetectable elsewhere. In contrast, by 14 d after injury, HO-1 was strongly upregulated in microglia/macrophages and reactive astrocytes in areas adjacent to the site of cortical impact (Fig. 2) . Low levels of expression in microglia were discernible in the contralateral hemisphere. Activated astrocytes expressing HO-1 were hypertrophied with elaborate processes.
Western blots further confirmed regional HO-2 protein expression (Fig. 2) . HO-2 expression in wild-type mice was similar in both the ipsilateral and contralateral hemispheres. HO-2 KO mice had no HO-2 expression. HO-1 was strongly upregulated in the injured hemisphere in wild-type mice and was only slightly upregulated on the contralateral hemisphere. The pattern of HO-1 expression was not different between HO-2 KO mice and wild-type mice. These findings demonstrate that HO-2 expression is unchanged after injury, whereas HO-1 is markedly induced. Furthermore, HO-2 expression is primarily restricted to neurons, whereas HO-1 is mostly confined to reactive glia/macrophages.
Total HO activity is reduced in HO-2 KO mice before and after injury Because HO-1 is primarily induced and HO-3 is a poor heme catalyst, the bulk of HO activity in the uninjured brain presumably comes from the HO-2 isozyme. We found that HO-2 genotype correlated well with total HO enzymatic activity as measured by CO production with gas chromatography (Fig. 3) . Wild-type mice showed maximal HO activity, whereas HO-2 heterozygous Both ipsilateral and contralateral hemispheres are included. HO-1 is highly induced in the ipsilateral hemisphere, but only modestly induced in the contralateral hemisphere. In addition, HO-1 expression appears similar between hemispheres for both HO-2 wild-type and HO-2 KO mice. In contrast, strong HO-2 expression is found in both hemispheres of the HO-2 wild-type mice.
and HO-2 homozygous KO mice, respectively, exhibited significantly lower activity in the uninjured brain (t test; p Ͻ 0.05).
Twenty-four hours after TBI, total HO activity was significantly reduced in HO-2 KO compared with wild-type mice (ϳ67%; t test; p Ͻ 0.01). A significant increase in HO activity in the injured brain relative to the noninjured control was observed and, in the context of the Western blots and immunostaining, was interpreted to represent the contribution of HO-1 induction after injury. HO activity was similarly increased in both wild types and KOs compared with noninjured mice (0.35 nmol CO per hour per milligram of protein for wild-type mice vs 0.43 nmol CO per hour per milligram of protein for KOs). Thus, it is unlikely that any additional compensatory upregulation of HO-1 occurred in HO-2 KOs.
Cell loss is greater in HO-2 KO mice
Cortical lesion volume and neuronal density studies were used to histologically quantify injury severity. For both measures, the contralateral hemisphere was used as an internal control. At 14 d after injury, traumatized brains showed a well demarcated cavitation in the cortex (Fig. 4) . Occasionally, the lesions involved adjacent hippocampal structures. HO-2 KO mice demonstrated a significantly larger cortical lesion volume than wild-type mice (Fig. 5A) Neuronal loss in the remaining areas of the brain parenchyma was also characterized (Fig. 5B) . Overt neuronal loss was observed in the ipsilateral peritraumatic cortex, hippocampus, and thalamus. There was a significant reduction in neurons in the cortex adjacent to the cavity in HO-2 KO compared with HO-2 wild-type mice (0.63 Ϯ 0.08 vs 0.84 Ϯ 0.07; t test; p Ͻ 0.05). The CA3 region of the hippocampus showed a 26% reduction (0.64 Ϯ 0.07 vs 0.86 Ϯ 0.07; t test; p Ͻ 0.05). Similarly, the lateral dorsal thalamus showed a loss of 34% over HO-2 wild-type mice (0.50 Ϯ 0.07 vs 0.77 Ϯ 0.08; t test; p Ͻ 0.05). Significant differences in neuronal density in the medial and lateral ventroposterior nuclei of the thalamus were not observed between HO-2 wild-type and HO-2 KO mice. Neuronal loss in this region is attributed to delayed corticothalamic degeneration originating from the parietal cortex. The lack of a statistically significant difference here might be attributable to the relatively short postinjury period of 14 d.
HO-2 KO mice have impaired motor recovery
To assess whether neuronal loss correlated with motor behavior, the standard rotarod assay was performed from days 1 to 14 after injury. Latency, the measure of how long the animal can stay on the rotating rod before falling off, reflects the animal's gross motor capacity. To normalize for inter-animal differences before injury, all post-trauma rotarod latencies were plotted as a percentage of preinjury baselines. During the 3 d preinjury period, no significant difference was found between HO-2 wild-type and knock-out mice on the rotarod (latencies: KO ϭ 173 Ϯ 13 sec; WT ϭ 179 Ϯ 16 sec; p ϭ 0.77), suggesting that there was no baseline gross motor deficit in knock-out animals. After TBI, rotarod performance was significantly reduced in all mice. Over time, however, HO-2 KO mice demonstrated impaired ability to remain on the rotarod when compared with HO-2 wild-type mice (ANOVA; p Ͻ 0.001) (Fig. 6 A) . Single time-point comparisons revealed significantly diminished performance at 7, 10, and 14 d after injury in HO-2 KO mice versus HO-2 wild-type mice (Bonferroni t test; p Ͻ 0.05).
The inclined beam task served as a supplementary behavioral assay. Beam walking depends highly on the integrity of sensorimotor cortical processing, and as expected, all animals demonstrated a high percentage of contralateral hindlimb foot faults in the first few days after brain injury. HO-2 KO mice, however, showed a slower recovery from beam walking deficits than HO-2 ϩ/ϩ mice (ANOVA; p Ͻ 0.001) (Fig. 6 B) . On post hoc analysis, a significant difference was found at 7 d after injury (Bonferroni t test; p Ͻ 0.05). The shorter duration of impairments detected in this test compared with the rotarod might be related to differences in the aspects of behavior tested. The rotarod is involved in gross motor skills and learning, whereas the beam walking task is involved in more subtle motor skills such as fine coordination (Fox et al., 1998 (Fox et al., , 2001 . Furthermore, it is notable that animals continue to improve with rotarod testing, even beyond preinjury levels, whereas many animals on the beam walking task did not achieve preinjury levels by 14 d after injury. HO-2 KO mice are more susceptible to lipid peroxidation after injury An assay to determine susceptibility to lipid peroxidation was used to understand the mechanisms of neuroprotection offered by HO-2 activity. When Fe 2ϩ and ascorbate are added to brain sonicates in vitro, CO is produced. The production of CO has been shown to closely parallel other markers of lipid peroxidation, such as thiobarbituric acid reactive substances, conjugated dienes, and lipid hydroperoxides (Vreman et al., 1998) . At 24 hr after TBI, lipid peroxidation was found to be ϳ56% higher in HO-2 KO than in wild-type mice (Fig. 7) (unpaired t test; p Ͻ 0.05). Similarly, a greater susceptibility to lipid peroxidation was found in injured HO-2 KO mice compared with sham uninjured HO-2 wild-type mice (unpaired t test; p Ͻ 0.05). These results suggest that both the loss of HO-2 activity and the pathophysiology of traumatic brain injury contribute individually to the increased susceptibility to lipid peroxidation.
Discussion
HO isozymes have been implicated in the regulation of oxidative stress in various tissues throughout the body, including the lung, testes, liver, spleen, and CNS. Oxidative stress is a fundamental contributor to secondary pathophysiology in the progression of injury after trauma (Povlishock and Kontos, 1992; Shohami et al., 1997; McIntosh et al., 1998) . We show that after TBI, HO-1 and HO-2 isozymes have markedly different and specific cellular and temporal expression. In the uninjured brain, HO-2 is the predominant contributor to total HO activity and was found mostly in neuronal populations. After injury, HO-1, induced in glia and macrophages, contributes to total HO activity. Nevertheless, HO-2 KO mice still demonstrate an overall significant reduction of activity. The later observations emphasize the dominant contributions of HO-2 to HO activity. We further found that HO-2 protects against cellular injury, especially in areas of the brain that are selectively vulnerable to oxidative stress and associated with greater impairments in behavioral recovery. Finally, we show that there is a specific protection from lipid peroxidation that is conferred by HO-2 in the setting of TBI.
TBI is associated with a host of pathophysiologic conditions, which include mechanical damage, edema, ischemia, and hemorrhage. Each of these processes contributes to the cumulative, substantial release of free heme from denatured hemoproteins. A repeated-measures ANOVA shows that overall rotarod performance is significantly worse in HO-2 KO mice compared with HO-2 wild-type mice. Post hoc analysis reveals that significant differences occur on days 7, 10, and 14. Values are shown as the mean Ϯ SEM (*p Յ 0.05; Bonferroni t test). B, Motor coordination was tested on an inclined beam walking task. Performance was expressed as the ratio of foot faults of the contralateral hindlimb to the number of total steps, subtracted from 1. Motor recovery is significantly worse in HO-2 KO compared with HO-2 wild-type mice (ANOVA), specifically on day 7 after injury. Values are shown as the mean Ϯ SEM (*p Յ 0.05; Bonferroni t test).
Potential cellular sources of free heme include all cellular components of brain tissue, that is, injured and dying neurons, glia, endothelial cells, and red blood cells that leak either through the damaged blood-brain barrier or during hemorrhage. Heme and the products of heme catabolism have all been shown to be distinct bioactive molecules and therefore the subject of considerable debate (Platt and Nath, 1998) .
Although both HO-1 and HO-2 catalyze the same biochemical reaction, the fact that they demonstrate such different patterns of cellular expression suggests that the two isozymes have individual roles in the setting of brain injury. HO-1 induction, for example, has been shown to selectively protect cultured cortical astrocytes, but not neurons, from oxidative stress resulting from exposure to hemoglobin and hydrogen peroxide (Dwyer et al., 1995; Regan et al., 2000) . The beneficial effect of HO-1 is in general agreement with many previous observations in neural and non-neural systems.
HO-2, on the other hand, is constitutively expressed in neurons throughout the brain. HO-2 expression has been shown to be protective against apoptotic cell death in cortical, hippocampal, and cerebellar granule cultures and an in vivo model of ischemic injury Dore et al., 1999b Dore et al., , 2000 . The neuroprotective effects of HO-2 seem to be attributed increasingly to the generation of bilirubin. Dore et al. (1999a) have reported that these effects occur at the physiologic low nanomolar endogenous levels that occur in the brain, several thousandfold lower than neurotoxic levels of bilirubin that occur during kernicterus (Stocker et al., 1987) . Indeed, bilirubin has been suggested to be one of the most potent endogenous antioxidants in mammalian tissue, accounting for the majority of the antioxidant activity of human serum (Gopinathan et al., 1994) . Furthermore, others have found a link to neurodegenerative conditions such as familial Alzheimer's disease. Several single point mutations in amyloid precursor proteins, which bind HO, have been associated with a significant reduction in HO activity, resulting in decreased bilirubin staining and increased neurotoxicity (Takahashi et al., 2000) .
One attractive hypothesis regarding the strong antioxidant abilities of bilirubin involves the rapid regeneration of bilirubin via redox cycling (Baranano et al., 2002) . Each molecule of bilirubin that acts as an antioxidant is thereby itself oxidized to biliverdin. The high level of biliverdin reductase immediately reduces the biliverdin back to bilirubin. This is supported by preliminary work that demonstrates an increased vulnerability to oxidative stress in cell lines designed to express less biliverdin reductase (Baranano et al., 2002) . This would be an ideal endogenous system to neutralize the numerous reactive oxygen species generated after traumatic brain injury.
Our results demonstrate that this observed protection against oxidative stress, offered by HO-2, specifically involves a reduction in lipid peroxidation. The high susceptibility of the brain to oxidative damage after traumatic brain injury is attributed to the abundance of peroxidizable fatty acids and relative scarcity of endogenous antioxidant defense systems (Floyd, 1999) . Furthermore, we found that regional protection occurs in areas of the brain that are selectively vulnerable to oxidative stress, such as the hippocampus and thalamus (Lowenstein et al., 1992) . The hippocampus, in particular, shows prominent expression of HO-2 (Verma et al., 1993; Ewing and Maines, 1997) . Increased cell loss in the thalamus is consistent with the delayed neuronal injury that occurs after cortical injury (Conti et al., 1998; Sato et al., 2001) . It is quite possible that delayed thalamic cell loss reflects the greater extent of cortical injury via target deprivation and is exacerbated by oxidative processes generated by dying cells. Nonetheless, lipid peroxidation is increased throughout the brain after TBI (Hsiang et al., 1997; Pratico et al., 2002) .
Several other groups have argued that HO is harmful, however, primarily because of the toxicity of generated free iron. The administration of HO inhibitors such as tin-protoporphyrin (SnPP), for example, has been shown to reduce the formation of brain edema and to reduce injury from ischemic, hemorrhagic, and even traumatic injury to CA3 hippocampal slices (Kadoya et al., 1995; Panizzon et al., 1996; Huang et al., 2002) . It should be noted, however, that SnPP and other metalloporphyrins are nonspecific inhibitors of heme-binding proteins. They have also been reported to be direct inhibitors of lipid peroxidation (Imai et al., 1990; Wong et al., 2000) . Proteins reported to interact with metalloporphyrins include cytochrome P450s, nitric oxide synthase, and others.
The generation of free iron has been raised as an explanation for HO-induced injury. Iron is a strong generator of reactive oxygen species. Iron reacts with hydrogen peroxide to form the hydroxyl radical, or it may decompose membrane lipid peroxides to yield alkoxy and peroxy radicals (Rouault, 2001 ). All three species are capable of initiating lipid peroxidation chain reactions. However, there are several arguments regarding why generation of iron is not as harmful as free heme. First, unlike iron salts, free heme is lipophilic, which enhances lipid peroxidation. Second, in the adult brain, excess iron can be sequestered rapidly by upregulated iron storage proteins such as ferritin, transferrin, and ceruloplasmin (Rouault, 2001; Patel et al., 2002; Regan et al., 2002) . Third, recent evidence suggests a role for HO-1 in facilitating the transport of iron out of cells. Transfection of HO-1 into HO-1-deficient mice protects against stress-induced apoptotic cell death (Ferris et al., 1999) .
These arguments raise an important point regarding the complex regulation of iron and heme-derived products in the setting of injury. Thus, a few caveats can be raised in interpreting our results. Because all of our analyses were performed within 2 weeks of the injury, the long-term effects of HO-2 activity are unclear. Sequelae from even mild TBI can progress for months in experimental rodents and for decades in humans (Millis et al., 2001 ). Also, the adequate sequestration of iron appears to be a crucial part of facilitating HO-2-mediated neuroprotection. Further experiments will need to clarify whether protection still exists in very young or aged animals, in which iron regulation is worse than in adults (Rouault, 2001) .
Our results are consistent with a growing number of reports suggesting that HO-2 is neuroprotective. The present study shows that constitutive HO-2 expression in neurons reduces cell loss and morphological damage that takes place after injury. This is also the first demonstration that the protection offered by HO-2 is associated with improved behavioral recovery and is related to a specific reduction of lipid peroxidation after TBI. Taken together, these data establish that HO-2 represents an important endogenous antioxidant generating system and thus plays a critical role in limiting secondary neuronal injury and death after TBI.
